ABSTRACT The Japanese beetle, Popillia japonica Newman, has an unusually broad host range among deciduous woody plants, yet it feeds only sparingly, or not at all, on certain species in the Þeld. We evaluated beetlesÕ preference, survival over time and fecundity on eight woody plant species historically rated as susceptible or resistant and, after verifying those ratings, tested whether resistance is correlated with so-called quantitative defense traits including leaf toughness, low nutrient content (water, nitrogen, and sugars), and relatively high amounts of tannins or saponins, traditionally associated with such plants. We further tested whether species unsuitable for Japanese beetles are also rejected by fall webworms, Hyphantria cunea (Drury) (Lepidoptera: Arctiidae), the expected outcome if the aforementioned traits serve as broad-based defenses against generalists. Choice tests supported historical resistance ratings for the selected species: tuliptree, lilac, dogwood, and Bradford callery pear were rejected by Japanese beetles, whereas sassafras, cherry plum, Virginia creeper, and littleleaf linden were readily eaten. Rejected species also were unsuitable for survival over time, or egg-laying, indicating beetlesÕ inability to overcome the resistance factors through habituation, compensatory feeding, or detoxiÞcation. None of the aforementioned leaf traits was consistently higher or lower in the resistant or susceptible plants, and plant species rejected by Japanese beetles often were not rejected by fall webworms. Specialized secondary chemistry, not quantitative defenses, likely determines the Japanese beetleÕs dietary range among deciduous woody plant species it may encounter.
The Japanese beetle, Popillia japonica Newman, which in North America feeds on Ϸ300 woody and herbaceous species in 79 families, is among the most polyphagous of plant-feeding insects (Fleming 1972, Potter and Held 2002) . The highly mobile adults are attracted to diverse plant odors, especially blends of feeding-induced volatiles (Loughrin et al. 1996) , and their inducible gut enzymes are able to detoxify a broad range of secondary compounds (Ahmad 1983 ). There are, nevertheless, many plants on which the Japanese beetle does not feed, and even closely related species and cultivars may markedly differ in resistance (Held 2004) . The basis for such differences is largely unknown.
Most information on plant species susceptibility to Japanese beetles is derived from anecdotal Þeld ratings made relatively soon after the speciesÕ establishment in the United States (Davis 1920 , Smith and Hadley 1926 , Hawley and Metzger 1940 . Fleming (1972) compiled an updated list of 435 species divided into four categories ranging from "no record of beetle feeding" to "extensive feeding." Ladd (1987 Ladd ( , 1989 , however, found in no-choice leaf-disc tests a Ͼ13-fold difference in feeding on plant species historically listed as favored hosts and similar variation in response to plants listed as nonhosts or minor hosts. This suggests that the historical ratings are not totally correct or that no-choice laboratory assays do not accurately predict extent of feeding on particular species in the Þeld.
No studies have examined whether plant species historically classiÞed as resistant to Japanese beetles are in fact unsuitable as food. This question is relevant because initially deterrent phytochemicals may be physiologically harmless once ingested (Bernays and Chapman 1994) , and because of the capacity of some herbivores, particularly generalists, to habituate to feeding deterrents (Bernays and Chapman 1994, Held et al. 2001) .
Japanese beetles are stimulated to feed by plant sugars (Metzger et al. 1934 , Ladd 1986 , Hammons et al. 2008 , and relative sugar content of foliage was suggested as one determinant of the extent to which they feed on particular plants (Metzger et al. 1934 , Fleming 1972 . Foliar phenolics were implicated in resistance of selected Salix, Malus, and Pyrus genotypes (Orians et al. 1997 , Fulcher et al. 1998 , Keathley et al. 1999 , whereas cyanogenic glycosides were associated with resistance among Prunus spp. (Patton et al. 1997) . However, determinants of the Japanese beetleÕs preference and performance across different plant species, and ultimately its dietary range, have not been studied.
Early theories of plant chemical defense (Feeny 1976 , Rhoades and Cates 1976 , Coley et al. 1985 argued that trees and other long-lived perennials gain protection from herbivores by investing in so-called quantitative defenses that reduce nutritional value of their foliage in a dosage-dependent manner. Such traits include low nitrogen and water content, high amounts of cellulose, lignin, and silica contributing to leaf toughness, and tannins and other phenolic compounds that form complexes either with leaf protein or with digestive enzymes in the gut to inhibit digestibility and assimilation of food (Feeny 1970, Mattson and Scriber 1987) . Specialized chemical defenses such as alkaloids and other toxins, common in short-lived herbaceous plants, were believed to be relatively unimportant in temperate-zone deciduous trees.
Many studies indicate that leaves having low nitrogen and water content and high amounts of indigestible structural compounds are suboptimal food for insects (Mattson and Scriber 1987, Schoonhoven et al. 2005) . Although the conjectural role of tannins as broad spectrum defenses has been challenged (Bernays 1981 , Coley 1983 , Karowe 1989 , many studies have shown their potential to adversely affect nonadapted herbivore species (Feeny 1970 , Bernays et al. 1989 , Forkner et al. 2004 , Bustamante et al. 2006 . Most evidence linking quantitative defenses and woody plant resistance to folivores comes from studies with larvae, for which growth is paramount, as opposed to adults for which the energetic or reproductive consequences of host choice are more relevant (Held and Potter 2004) .
This study evaluated adult Japanese beetlesÕ feeding preference and performance on foliage of selected woody plant species historically rated as either susceptible or resistant and tested the hypothesis that resistance is associated with relatively low nitrogen, water, and sugar content, and relatively high amounts of tannins and saponins. Response of another polyphagous tree-feeder, the fall webworm Hyphantria cunea (Drury) (Lepidoptera: Arctiidae), to the same species was tested to determine whether its preferences match those of Japanese beetles, the expected outcome if the aforementioned plant factors indeed act as broad-based defenses against generalist folivores.
Materials and Methods
Woody Plant Species Evaluated. Four susceptible and four reportedly resistant woody plant species were arbitrarily selected based on availability and historical resistance ratings (Hawley and Metzger 1940, Fleming 1972) (Table 1) . Seven of the species are deciduous trees, and one, Virginia creeper, Parthenocissus quinquefolia L., is a woody vine. Six mature trees or vines of each species growing at separate sites in Lexington, KY, were used. Each plant constituted a replicate. An extendable pole pruner was used to collect shoots with intact, fully expanded sun-exposed leaves from outer portions of the lower and middle canopy of each plant. Foliage was placed in plastic bags and brought to the laboratory in coolers. Fresh leaves were collected before each assay. Assays were run from mid-June to mid-July during the Þrst half of the Japanese beetle seasonal ßight period.
Verifying Susceptibility or Resistance. Paired choice tests were conducted between all 16 combinations of reportedly susceptible versus resistant plants, and beetlesÕ survival over time and fecundity were evaluated on single-plant diets, to verify if the plantsÕ suitability for Japanese beetles conforms to their historical resistance ratings. Beetles were collected with standard traps baited with ßoral lures (2-phenyl-ethyl propionate, eugenol, and geraniol; 1:2:1 ratio; Tré cé , Salinas, CA). Traps were run in morning and emptied within 2 h to minimize beetlesÕ initial stress. Collected beetles were held overnight with moist soil to allow oviposition, but no food. Males and females were distinguished by foretibial characteristics (Fleming 1972) . Preference tests used freshly cut, 19-mm-diameter leaf disks mounted on pins between bits (2 by 2 mm) of a Historical resistance ratings: ****, extensive feeding; ***, moderate feeding; *, occasional light feeding; 0, no record of beetle feeding on plant (Fleming 1972 ); NR, not rated by Fleming (1972) who did rate Pyrus communis as sustaining only occasional light feeding.
b Rated by Ladd (1987) as fed on as extensively as sassafras. c Previously shown to elicit no feeding (Keathley et al. 1999) .
acetate Þlm to prevent slippage or tearing away during feeding (Held et al. 2001) . Four disks, two each from a particular susceptible or resistant plant, were pinned alternately around the perimeter of a circular plastic container (9.7 cm diameter, 7.1 cm height) with 2 cm of parafÞn in the bottom and a transparent lid. Three females were introduced and then the containers were placed in an illuminated growth chamber at 26ЊC. The beetles were allowed to feed until Ϸ75% of the preferred plant material was consumed, or 8 h.
Remaining foliage was dried and weighed, and the amounts of each plant (mg dry weight consumed) were estimated using wet/dry weight ratios calculated from standards. Data were analyzed by paired t-tests (P Ͻ 0.05). Statistix 8 (Analytical Software 2003) was used for these and all subsequent analyses. Suitability of the foliage for sustaining beetlesÕ survival over time and fecundity was also evaluated. Fiftyfour clear covered plastic boxes (26.4 by 19.2 by 9.5 cm; Tristate Plastics, Dixon, KY) were Þlled 2.5 cm deep with autoclaved, moist, sifted Maury silt loam soil. Six replicates were each provisioned with fresh leaves from a single tree or vine of one of the eight species. The remaining six boxes received no leaves as starvation controls. Beetles were collected as described earlier, and 10 pairs of males and females were placed in each box on 21 June. Treatments were blocked and held at room temperature (21Ð23ЊC) with a photoperiod of 14:10 (L:D) h. Leaves were replaced with fresh ones every 2 d. The soil was examined, and surviving beetles and eggs in each box were counted after 7, 14, and 21 d.
Angular and square root transformations were applied to survival (%) and egg count data, respectively, to stabilize and correct for heterogeneity of variance. Two-way repeated-measures analysis of variance (ANOVA) was used to test for main effects and interaction of plant species and time interval, followed by two-way ANOVA within sample dates and TukeyÕs honestly signiÞcant difference (HSD) test to separate means. Finally, orthogonal single degree of freedom comparisons were used to test for overall differences between susceptible and resistant plant species, and between resistant species and the starvation controls (Analytical Software 2003). The 14-and 21-d survival data included several zero values for beetle cohorts provided resistant plant species or held without food, which, as expected, resulted in heterogeneity of error. Those data were retained in the analyses for clarity of presentation and because the accompanying orthogonal comparisons are an appropriate approach when the error term is heterogeneous (Steel and Torrie 1960) .
Foliar Characteristics of Resistant Versus Susceptible Species. All 48 plants were sampled in mid-June, soon after the onset of Japanese beetle seasonal ßight, to compare their physical and chemical leaf characteristics. Virginia creeper has palmately compound leaves so only the terminal leaßets were sampled. Subsamples consisting of four intact leaves from each tree or vine were weighed fresh, and thickness of the lamina between the veins was determined by a Mitutoyo Digimatic thickness indicator IDC series 504 (Mitutoyo, Tokyo, Japan). Relative toughness was measured with an electronic digital force gauge with a pointed punch (Mark-10, Hicksville, NY) pushed through the adaxial surface, and leaf area was measured with a Delta T area meter (Delta T Devices, Cambridge, United Kingdom). Leaves were ovendried and reweighed for determination of water content.
Additional intact leaves were harvested on 1 July for determination of nitrogen, sugar, tannin, and saponin content. Foliage was sampled as above, placed in separate paper bags for each tree, and frozen on dry ice. Leaves were lyophilized and ground in a Wiley mill (Thompson ScientiÞc, Philadelphia, PA) using a 40-mesh screen. Nitrogen content was determined by modiÞed Kjeldahl analysis (McKenzie and Wallace 1954) . Sugars were analyzed by gas chromatography of their trimethyl-silyl derivatives (Mason and Slover 1971) . Glucose, fructose, and sucrose were identiÞed by retention time matches of those of authentic sugars and quantiÞed against a phenyl B-D-glucopyranoside internal standard. Protein binding capacity, a measure of tannin content, was determined by radial diffusion assay (Hagerman 1987 ) using quebracho tannin (Sigma, St. Louis, MO) as a standard. Leaf saponin content was determined by a hemolysis assay using puriÞed saponins (Sigma-Aldrich, St. Louis, MO) as a standard (Potter and Kimmerer 1989) . Log transformation was applied to leaf area, thickness, toughness, nitrogen, and sugar data; square root and angular transformations were used for saponins and water content, respectively, to stabilize and correct for heterogeneity of variances, followed by one-way ANOVA and TukeyÕs test for mean separation. Orthogonal single degree of freedom comparisons tested for overall differences between susceptible versus resistant tree species.
Fall Webworm Choice Tests. Feeding preference of the fall webworm, a native arctiid that attacks Ͼ100 species of forest and shade trees (Drooz 1985) , was tested with the selected woody plants to assess if species that are rejected by Japanese beetles also are rejected by a second generalist. Nests with larvae were collected from hardwood trees in Fayette Co., KY, and held in screen cages with excised pin oak foliage, Quercus palustris von Muenchhausen, until use. For each test, six leaf disks (17 mm diameter), three from each tree species, were alternated around the perimeter of a 9-cm-diameter petri dish on moist Þlter paper, and three second or third instars were introduced to each dish. The arenas were held at 22ЊC in continuous light and terminated when two thirds of the preferred plant was consumed or after 14 h. Leaf tissue remaining was dried and weighed, and the amounts (mg dry weight) of each type consumed were estimated as described for the Japanese beetle choice tests. Data were analyzed by paired t-tests (P Ͻ 0.05).
Results
Verifying Susceptibility or Resistance. The choice test results supported historical resistance ratings (Hawley and Metzger 1940, Fleming 1972) for the selected woody plant species. Each of the four susceptible hosts was strongly preferred over the four species that historically were rated as resistant (Fig. 1) .
Japanese beetlesÕ survival over time and fecundity on single-plant diets also supported the historical ratings (Table 2 ). For survival, ANOVA for repeated measures showed overall differences (P Ͻ 0.001) between species (F ϭ 25.6, df ϭ 8,45), time intervals (F ϭ 163, df ϭ 2,90), and species ϫ time interaction (F ϭ 5.2, df ϭ 16,90). Sassafras, cherry plum, or linden foliage supported higher 14-d survival than did all but one of the resistant plant species. Virginia creeper, a preferred host, supported high fecundity but those beetles died relatively quickly compared with ones fed foliage from other susceptible species. Lilac, which was strongly rejected in choice tests, sustained beetles for a relatively long time despite those females laying very few eggs. Survival after 7 d was signiÞcantly higher on all resistant species than for the starvation controls, indicating that, in a feed-or-starve situation, those leaves provided some sustenance and were not acutely toxic. None of the beetle cohorts provided resistant plant species, however, laid more eggs than did cohorts held without food (Table 2) .
Foliar Characteristics of Resistant Versus Susceptible Species. There was marked variation in leaf area, thickness, toughness, nitrogen, and water content within the susceptible and resistant groupings (ANOVA, orthogonal single degree of freedom comparisons; Table 3 ), as well as overlap between the two groups. Although the group means for leaf area, thickness, and toughness were greater for resistant than for susceptible species, Virginia creeper, which is susceptible, had leaves as tough as those of all four resistant species, and dogwood, which is resistant, had leaves as thin as or thinner than any of the susceptible hosts. Foliar nitrogen differed within, but not between, the resistance groupings. Indeed, foliar nitrogen was as low in susceptible cherry plum as in three of the four resistant species and as high in resistant lilac as in three NF) 17 Ϯ 7b 0 Ϯ 0d 0 Ϯ 0c 11 Ϯ 2b ANOVA (F 8,40 ) 12.9** 21.9** 13.9** 57.5** Orthogonal comparisons t (S versus R) a Each replicate started with 10 female and 10 male beetles. Means within columns not followed by the same letter are signiÞcantly different (two-way ANOVA; TukeyÕs test; P Ͻ 0.05). Percentages were arcsin square root-transformed, egg counts were square roottransformed before analyses. For F values, **signiÞcance at P Ͻ 0.001.
b StudentÕs t-test (1 df) for orthogonal comparisons between susceptible versus resistant species, and resistant species versus no food (starvation) control: * and ** denote signiÞcance at P Ͻ 0.01 and 0.001, respectively. of the four susceptible hosts. Similarly, tuliptree and Bradford pear, both highly resistant, had respectively the highest and lowest foliar water content.
Comparison of leaf sugar content failed to support earlier suggestions (Metzger et al. 1934 , Fleming 1972 that foliar sugars are a determinant of plant species susceptibility to attack by Japanese beetles (Table 4) . Indeed, the group mean for total leaf sugars was higher for resistant trees species than for susceptible ones (orthogonal single degree of freedom comparisons; Table 4 ). There was signiÞcant variation in concentrations of particular sugars within the susceptible and resistant species groupings and overlap between the groups.
Comparison of foliar tannins, estimated by protein binding activity, and saponins also did not support the premise that those factors are associated with resistance of the selected nonhosts to the Japanese beetle (Table 4) . The susceptible hosts, as a group, had higher tannin and saponin content than did the resis- a Data are means Ϯ SE for four-leaf samples from each of six trees per species. Means within columns not followed by the same letter are signiÞcantly different (one-way ANOVA; TukeyÕs test; P Ͻ 0.05). Log transformation was applied to area, thickness, toughness, and nitrogen values; percent water was subjected to angular transformation; data are reported in original units. For F-values, * and ** denote signiÞcance at P Ͻ 0.01 and 0.001, respectively.
b StudentÕs t-test (1 df) for orthogonal comparisons between susceptible versus resistant species; * and ** denote signiÞcance at P Ͻ 0.01 and 0.001, respectively. tant species (Table 4) . Two of the susceptible species (sassafras and Virginia creeper) had higher tannin content than did three of the four resistant ones. Three of the susceptible species had higher saponin content than all but one of the resistant plants. Sassafras, a highly preferred host, had the highest saponin content, and Bradford pear, which is highly resistant, had very low tannins and no detectable foliar saponins.
Fall Webworm Choice Tests. The two generalist species showed different patterns of preference in choice tests. Fall webworms signiÞcantly preferred plants favored by Japanese beetles in only 5 of the 16 comparisons (Fig. 2) . Three of those cases involved tuliptree, a plant strongly rejected by both species. Fall webworms preferred lilac, which is resistant to Japanese beetle, over sassafras and Virginia creeper, two of the beetlesÕ highly preferred hosts. Fall webworms showed no signiÞcant preference in the remaining comparisons between plants rejected or favored by Japanese beetles. In four of those comparisons (sassafras versus Bradford pear or dogwood, lilac versus linden or cherry plum), in fact, there was a trend for relatively greater feeding on the Japanese beetleÐresistant plant species.
Discussion
This is the Þrst study to compare relationships between Japanese beetle feeding preference, survival over time, and fecundity across multiple woody plant species. Unlike previous no-choice assays (Ladd 1987 (Ladd , 1989 showing some discrepancies with historical resistance ratings, our choice test results are wholly consistent with FlemingÕs (1972) ratings for the selected plants. Beetles also survived longer, in general, on the preferred species, and all preferred species supported much higher fecundity than did nonpreferred ones.
The fact that female beetles lived longer when provided foliage from the resistant tree species than when starved indicates that even those unsuitable plants provided some sustenance. The same pattern occurred for males in those cohorts (data not shown). None of the resistant species caused beetles to die more quickly, but neither did any of them support higher fecundity, than when beetles were starved. Survival over time and egg production initially were sustained by food the beetles had eaten before capture, but whatever limited feeding they did when conÞned with foliage from resistant species failed to sustain egg production, and in most cases survival, beyond the Þrst week. Beetles survived longer on initially-rejected lilac than on other resistant species despite lilac foliage being unsuitable for egg-laying. Some beetles were observed feeding on bark of the lilac shoots which may have helped sustain them.
Nitrogen and water content, which tend to co-vary, are limiting nutrients for most folivores on woody plants (Mattson and Scriber 1987) . Relatively high amounts of indigestible structural compounds such as cellulose, lignin, and silica can be a nutritional hurdle, and the associated leaf toughness is a barrier to tearing by mandibles or piercing by stylets or ovipositors (Schoonhoven et al. 2005) . Indeed, leaf toughness was the best predictor of interspeciÞc variation in herbivory on a range of tropical lowland trees (Coley 1983) . The resistant plant species, as a group, tended to have slightly thicker and tougher leaves, but there was considerable variation and overlap; e.g., dogwood leaves were thinner than those of three of the four susceptible species, and highly suitable Virginia creeper leaves were as tough as any of the resistant species. Although three of the four susceptible species had higher nitrogen content than most of the resistant species, susceptible cherry plum and resistant lilac had the lowest and highest nitrogen, respectively. Pubescence can deter feeding by mandibulate folivores (Lill et al. 2006) . Certain pubescent or tomentose lindens (Tilia spp.) and elms (Ulmus spp.) are consumed less by Japanese beetles than are glabrous genotypes (Potter et al. 1998 , Miller and Ware 1999 , Miller et al. 2001 . All woody plants used in this study, however, have glabrous leaf surfaces.
Adult insects have different nutritive requirements than do larval stages, especially where ßight energy requirements are high (Waldbauer and Friedman 1991 , Held and Potter 2004 , Hammons and Potter 2008 . Plant sugars, including glucose, fructose, and sucrose, stimulate feeding by Japanese beetles (Ladd 1986 ) and many other insects. Leaf sugar content was suggested as a determinant of extent of Japanese beetle feeding on particular plant species (Metzger et al. 1934 , Fleming 1972 ), but in this study, sugar content was as high or higher in the resistant species as in the susceptible ones.
Given the variability in nitrogen, water, sugar content, and leaf toughness in our selected deciduous woody plants, and the overlap between susceptible and resistant groups, none of those parameters seemingly can account for the marked differences in suitability for Japanese beetles at the plant species level. Our treatment structure, i.e., comparison of limited sets of suitable or resistant species, was not conducive to multivariate analysis, but simple data inspection also fails to suggest any particular combination of quantitative traits consistently associated with susceptibility or resistance. Variation in sugars, and possibly other quantitative factors, may, however, inßuence beetlesÕ selective foraging within and between plants of suitable host species (Rowe and Potter 2000 , Held and Potter 2004 , Hamilton et al. 2005 , 2008 .
Tannins, polyphenolic compounds having the ability to bind proteins (Clausen et al. 1992) , are widely distributed in deciduous woody plants. Feeny (1970) Þrst proposed their role in plant defense by complexing with leaf protein or digestive enzymes in the insect gut thereby reducing digestibility and retarding growth. Tannins may also be deterrent to nonadapted herbivores, disrupt their midgut epithelium (Steinly and Berenbaum 1985) , cause lethal deformities (Barbenhenn and Martin 1994) , and by slowing development, increase their vulnerability to natural enemies. Saponins, triterpenoid glycosides characterized by bitter taste, soap-like foaming properties, and ability to disrupt cell membranes, are widely distributed in plants (Gershenzon and Croteau 1991) . Saponins have been shown to act as toxins and feeding deterrents to nonadapted arthropods (Potter and Kimmerer 1989) . Such activity may involve inhibition of digestive protease activity, binding to free sterols in the gut, or disruption of the molting process (Gershenzon and Croteau 1991) .
Our Japanese beetle data are consistent with a growing consensus that tannins have little or no adverse effect on many tree-feeding generalists (Coley 1983 , Karban and Ricklefs 1984 , Faeth 1985 , Forkner et al. 2004 . Proposed adaptations of such insects include alkaline gut pH (Appel 1993) , high levels of gut surfactants (Martin and Martin 1984) , and high antioxidant levels that help keep tannins in a reduced state (Barbenhenn and Martin 1994) . We also found no relationship between saponins and resistance; indeed, sassafras, a highly favored host for Japanese beetles, had the highest saponin content of all species evaluated. Japanese beetles have inducible polysubstrate monooxygenase enzymes able to detoxify diverse secondary chemicals (Ahmad 1983) , but speciÞcally how they cope with ingested tannins and saponins has not been studied.
Interestingly, fall webworms preferred lilac, which is resistant to Japanese beetles, over sassafras and Virginia creeper, two highly suitable Japanese beetle hosts. Foliar toughness, nitrogen, and total sugar content are similar in aforementioned species, but sassafras and Virginia creeper have higher amounts of tannins and saponins. Dogwood and lilac both contain iridoid glycosides (see below), so the combination of lower nitrogen and total sugars and more tannins and saponins in dogwood might account for fall webworms having fed more sparingly on that species than on lilac in the choice tests with other plant species. These patterns are correlative and more in-depth studies would be needed to conÞrm if high tannin and saponin content is associated with resistance to fall webworms across a range of woody plant species.
Even generalist feeders may reject plants readily consumed by other polyphagous species. Gypsy moth caterpillars, Lymantria dispar L. (Lepidoptera: Lymantriidae), for example, feed on Ͼ450 plant species but reject grape, Vitis spp., and horsechestnut, Aesculus hippocastanum L. (Mosher 1915 , Liebhold et al. 1995 , favored food plants for Japanese beetles (Fleming 1972 , Ladd 1987 . Early theories of plant defense (Feeny 1976, Rhoades and Cates 1976) argued that tannins, low nutrient content, and leaf toughness provide broad-spectrum resistance against polyphagous herbivores. Our demonstration that Japanese beetles and fall webworms, two tree-adapted generalists, show disparate feeding preferences to the same sets of plant species suggests that factors other than traditional quantitative resistance traits are responsible for resistance, at least at the species level.
If quantitative defenses do not explain why particular deciduous woody plant species are not fed on or eaten only sparingly by Japanese beetles, what factors do account for that resistance? Specialized secondary chemicals, once thought to be unimportant in temperate zone deciduous trees (Karban and Ricklefs 1984) , are now known to be more widespread than once was thought and these may supplement the quantitative defenses of woody plants (Feeny 1976 , Lindroth et al. 1986 , Barbosa and Krischik 1987 , Barbosa et al. 1990 , Mali and Borges 2003 , Bustamante et al. 2006 , Konno et al. 2006 . Species-speciÞc alkaloids, phenolic glycosides, cyanogenic glycosides, terpenoids, and other toxic secondary metabolites (socalled qualitative defenses as deÞned by Feeny 1976) that were not measured in this study likely are the major factors restricting the polyphagous Japanese beetleÕs dietary range.
Of the four Japanese beetle-resistant tree species used in this study, tuliptree contains alkaloids, hydrogen cyanide, and sesquiterpene lactones (Doskotch et al. 1975 , Lindroth et al. 1986 , Barbosa et al. 1990 , as well as tannins and saponins, and is resistant to other generalists including fall webworm (this study) and gypsy moth larvae (Shields et al. 2003) . Bradford callery pear, an East Asian species, has unique leaf phenolics compared with other Pyrus spp. (Challice and Williams 1968) , and eliminating those phenolics through enzymatic degradation implicated them in resistance to Japanese beetles (Keathley et al. 1999) . Interestingly, Bradford callery pear is also resistant to feeding by adults of the Asian longhorned beetle, Anoplophora glabripennis (Motchulsky) (Coleoptera: Cerambycidae), which do feed on many other Rosaceous plants (Morewood et al. 2004) .
Dogwood and lilac contain iridoid glycosides in their foliage (Jensen et al. 1975 , Damtoft et al. 1995 . Iridoids, which are deterrent or toxic to a number of generalists and nonadapted specialist herbivores (Bowers 1991) , occur in Ϸ57 plant families including Cornaceae and Oleaceae (Bowers 1991) . Whether iridoids account for resistance of dogwood and lilac to Japanese beetles is not known, but it is suggestive that, of the 53 species in 12 iridoid-containing plant families included in FlemingÕs (1972) list, 72% were rated as either not fed on or sustaining only occasional light feeding, and only one, highbush blueberry (Vaccinium corymbosum L.) (Ericaceae), was listed as extensively fed on.
In summary, assays with a limited set of woody plants suggested that species-level patterns of resistance or susceptibility to the Japanese beetle probably are not driven by differences in relative leaf toughness, nitrogen or water content, sugars, tannins, saponins, or by combinations thereof. Variation in sugars and other nutrients may, however, inßuence beetlesÕ foraging within and between suitable host plants (Held and Potter 2004 , Hamilton et al. 2005 , Hammons et al. 2008 . The diversity of specialized species-speciÞc secondary chemistry, not quantitative resistance traits, likely determines the Japanese beetleÕs dietary range among the myriad deciduous woody plant species that the adults may encounter.
